The long-term spectrum of a preceding sentence can alter the perception of a following speech sound in a contrastive manner. This speech context effect contributes to our ability to extract reliable spectral characteristics of the surrounding acoustic environment and to compensate for the voice characteristics of different speakers or spectral colorations in different listening environments to maintain perceptual constancy. The extent to which such effects are mediated by low-level "automatic" processes, or require directed attention, remains unknown. This study investigated spectral context effects by measuring the effects of two competing sentences on the phoneme category boundary between /I/ and /ε/ in a following target word, while directing listeners' attention to one or the other context sentence. Spatial separation of the context sentences was achieved either by presenting them to different ears, or by presenting them to both ears but imposing an interaural time difference (ITD) between the ears. The results confirmed large context effects based on ear of presentation. Smaller effects were observed based on either ITD or attention. The results, combined with predictions from a two-stage model, suggest that ear-specific factors dominate speech context effects but that the effects can be modulated by higher-level features, such as perceived location, and by attention.
The perceived identity of a speech sound can be affected strongly by the acoustic spectrum of the preceding context. Such context effects have been demonstrated by showing that the categorization of speech sounds along continua such as /ba/-/ga/, /I/-/υ/, or /t/-/k/ can be shifted by the preceding speech sounds (Lindblom & Studdert-Kennedy, 1967; Mann, 1980; Mann & Repp, 1980 , 1981 . The effects are generally spectrally contrastive, so that if low-frequency acoustic energy is present in the preceding sound, listeners are more likely to perceive the subsequent target sound as possessing more high-frequency energy, and vice versa (Holt & Lotto, 2002; Holt, Lotto, & Kluender, 2000) . This context dependence may assist in our ability to maintain perceptual constancy of speech sounds in the face of varying voice characteristics of different speakers (Ladefoged & Broadbent, 1957) and spectral colorations caused by different listening environments (Watkins, 1991) .
Speech context effects are not specific to speech or language. Nonspeech sounds, such as noise (Watkins, 1991) , spectrally rotated speech (Sjerps, Mitterer, & McQueen, 2011) , tone glides (Lotto & Kluender, 1998) , and stochastically distributed tone sequences (Holt, 2005) have all been shown to produce spectrally contrastive context effects. Speech context effects have also been documented in infants (Fowler, Best, & McRoberts, 1990) , speakers of a foreign language (Mann, 1986) , and nonhuman species, such as Japanese quails (Lotto, Kluender, & Holt, 1997) . These studies implicate a general auditory mechanism of spectral adaptation and normalization, which could sensitize the system to changes in the ongoing stimulus, thereby increasing coding efficiency (Barlow, 1961) , as well as helping us to adjust to different acoustic environments.
Although there is a paucity of physiological studies of the auditory mechanisms underlying speech context effects, behav-ioral studies have suggested a combination of peripheral and central processes (Holt & Lotto, 2002; Watkins, 1991) . For instance, the effects appear to be strongest when the context is presented to the same ear as the target (Holt & Lotto, 2002; Watkins, 1991) , suggesting a mechanism prior to binaural convergence. On the other hand, some effect is still present when the context and target are presented to opposite ears (Holt & Lotto, 2002; Watkins, 1991) , and the effect can be modulated by presenting the context and target to both ears but with different interaural time differences (ITDs; Watkins, 1991) , suggesting more central influences. In addition, the fact that the effect can persist over several hundred milliseconds (Holt, 2005; Holt & Lotto, 2002; Watkins, 1991) suggests adaptation on a timescale that is not generally observed in the auditory periphery.
In our everyday listening environment, we often hear more than one person at a time. Our auditory system is generally able to segregate concurrent sounds in order to attend to a speaker of interest (Bregman, 1990; Cherry, 1953; Darwin, 1997) . Little is known about the effects of attention on speech context effects. It may be that context effects are dominated by the physical sound spectrum of the context and are therefore not affected by attention. On the other hand, the maintenance of perceptual constancy in the presence of different talker characteristics may require perceptual adaptation to one talker even in the presence of other simultaneous talkers. It is known that auditory attention can strongly modulate cortical responses to speech sounds (Besle et al., 2011; Elhilali, Xiang, Shamma, & Simon, 2009; Kerlin, Shahin, & Miller, 2010; Mesgarani & Chang, 2012) . However, it is not known whether such attentional modulation can influence auditory and speech context effects.
The aim of this study was to examine speech context effects in the presence of competing sounds, with a view to distinguishing more peripheral from more central effects, and determining the role of attention. Context effects were estimated by measuring the effect of a preceding sentence on the phoneme category boundary between /I/ as in bit and /ε/ as in bet. The vowel continuum was generated in two different ways. The first method used the software package Praat (Boersma & Weenink, 2015) to generate the continuum by linearly interpolating between the formant trajectories and center frequencies of first and second formants (F 1 and F 2 ; Stilp, Anderson, & Winn, 2015; Winn & Litovsky, 2015) . The second method generates the continuum from the weighted sum of the spectra of the two endpoints (Watkins, 1991) . Although the Praat method is more ecologically valid and has been more widely used, the Watkins method produces much larger context effects (Watkins, 1991) , which should therefore provide more scope to determine the separate contributions of different mechanisms.
Experiment 1: Speech Context Effects With a
Single Sentence
Rationale
Watkins' study investigated the effects of both ear and ITD (Watkins, 1991) . However, no study has tested those effects using the vowel continuum generated with the Praat method or directly compared both methods. It is unclear whether the same conclusions can be drawn from both methods because the different effect sizes could reflect different auditory mechanisms in compensating for the long-term spectrum of the context for the two methods, or may simply reflect differences in the speech sounds or other methodological differences between the two studies (Stilp et al., 2015; Watkins, 1991) . In this experiment, we examined the effects of relative ear and ITD using both methods. The results provide a baseline for comparisons with data using competing simultaneous sentences (Experiment 2).
Method
Participants. Twenty-four native speakers of American English (11 women, 13 men) were tested in this experiment. The participants were between 18 and 26 years old, and all had normal hearing, as defined by absolute pure-tone thresholds better than 20 dB HL in both ears at octave frequencies from 250 Hz to 8,000 Hz. On the basis of earlier studies of speech context effects (Holt & Lotto, 2002; Watkins, 1991) , large effect sizes were expected; therefore, a sample size of 24 was deemed sufficient to detect them (detecting an effect size in a mixed-model analysis of variance (ANOVA) with a p 2 of 0.4 with a power, ␤, of 0.8 would require a sample size of 18). The participants were randomly assigned to one of two groups of 12 participants to test the Praat and Watkins methods separately. All participants provided written informed consent and were compensated for their time. The protocol was approved by the Institutional Review Board of the University of Minnesota.
Stimuli. The precursor sentence "The last word you hear is" and two words bit and bet were spoken by a female native speaker of American English and were recorded using a ME64 Cardioid Capsule microphone with a K-6 power module (Sennheiser) in a double-walled sound-attenuating booth with a PMD670 portable solid-state recorder (Marantz). The precursor sentence was 1,874 ms long. The mean fundamental frequency (F0) of the speaker was 224 Hz. The recorded word bit was segregated into three consequent parts, the initial consonant /b/, the vowel part, and the last part including the silence gap and the consonant /t/. The cutoff time between the consonant /b/ and the vowel was estimated by manually increasing from the onset of the word in steps of 0.1 ms until that the consonant /b/ was not perceived. The formant contours of the two vowel endpoints /I/ and /ε/ were extracted from the recorded words bit and bet using Praat. A 10-step continuum varying gradually from /I/ to /ε/ was generated using the following two methods.
The first method was the same procedure as described by Winn and Litovsky (2015) using Praat, and is referred to here as the Praat method. In the /I/ endpoint, F 1 increases from 584 to 617 Hz while F 2 increases from 2474 to 2501 Hz. In the /ε/ endpoint, F 1 increases from 820 to 829 Hz while F 2 decreases from 2171 to 2138 Hz. A voice source was generated by inverse filtering the spectrum of the /I/ endpoint. The formant contours of other intermediate vowels were generated by filtering the voice source with filters that were generated by linearly interpolating between these formant trajectories and center frequencies of F 1 , F 2 .
The second method was a procedure developed by Watkins (1991) to generate the vowel continuum, which is referred to here as the Watkins method. The spectral envelope of each endpoint was estimated using a linear predictive coding (LPC) procedure in Matlab (Mathworks, Natick, MA), shown in Figure 1A and 1B This document is copyrighted by the American Psychological Association or one of its allied publishers.
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FENG AND OXENHAM (solid lines). The spectral envelopes were checked using fast Fourier transforms (FFTs) of a 90-ms long Hamming-windowed segment from the steady-state portion of the vowels ( Figure 1A and 1B, dotted lines). The intermediate vowels were generated by filtering the flat voice source with filters generated as weighted sums of the spectral envelope of the endpoints, /I/ and /ε/, a ϫ Iϩ(1Ϫa) ϫ ε, where 0ՅaՅ1. For both methods, the vowel itself was 100 ms in duration and then was embedded between the initial consonant /b/ and the last part including the gap and consonant /t/ which were extracted from the original recorded word to form the target word, which was 358 ms long. The linear prediction coefficients of both filters for the two vowel endpoints, as shown in Figure 1A and 1B, were used in the inverse forms to obtain frequency responses that are the inverse of the spectral envelopes of the vowels. Spectral envelope difference (SED) filters were constructed by placing the inverse filter of one vowel in series with the filter of the other, and vice versa. The preceding sentences were filtered by either the /I/-/ε/ filter ( Figure  1C ), which emphasizes the spectrum of /I/, or by the inverse /ε/-/I/ ( Figure 1D ), which emphasizes the spectrum of /ε/.
The precursor sentence and target word were low-pass filtered using the "fir2" function in Matlab with a 5-kHz cutoff frequency and were separated by a 100-ms silent gap. The precursors and targets were played at equal RMS amplitude. All sound files were sampled at 22,050 Hz and delivered through an L22 soundcard (LynxStudio) with 24-bit resolution, and presented through HD650 headphones (Sennheiser) at 60 dB SPL.
Procedure. In Experiment 1A, all sounds were played monaurally. The precursor sentence was played randomly to the left or right ear with equal a priori probability in each trial. The target word was played either to the same or opposite ear as the precursor also with equal a priori probability. In Experiment 1B, all sounds were played binaurally. The precursor sentence was played to both ears with an ITD of 590 s, with either right or left ear leading. The target word had the same ITD magnitude with either the same or different ear leading. Listeners were asked to answer whether they heard bit or bet at the end of the sentence in each trial. No feedback was provided. All listeners completed Experiment 1A before embarking on Experiment 1B. Each experiment consisted of 800 trials per listener (10 targets ϫ 2 SED filters ϫ 2 target positions ϫ 20 repetitions), which were randomized and divided into 10 blocks. Each block lasted approximately 5 min. Listeners took short breaks between blocks. Table 1 lists the conditions tested in this experiment.
Analysis. For individual listeners, the proportion of /ε/ responses along the vowel continuum was analyzed using a generalized linear model with the function "glmfit" in Matlab. The binomial distribution was used to reflect the fact that responses were coded in a binary manner. A logit function was used to fit the psychometric function from each listener in each condition and the phoneme boundary, defined as the midpoint of each psychometric function, was calculated. Repeated-measures ANOVA were used to analyze the data, with Greenhouse-Geisser corrections for lack of sphericity included where appropriate.
Results
The results from Experiment 1A are shown in Figure 2 . The data from the Praat and Watkins methods are shown in the upper and lower panels, respectively. In general, the word bet was perceived more often when the SED filter emphasizing the spectral features of /I/ (/I/-/ε/) was applied to the precursor (filled symbols, solid curves), whereas bit was more likely to be perceived when the inverse filter was applied (open symbols, dashed curves). Differences between the two curves within each panel imply an effect of the preceding context. To quantify the context effect, the phoneme boundary (midpoint of the fitted psychometric function for each listener) with the /ε/-/I/ filter was subtracted from that with the /I/-/ε/ filter. A mixed-model repeated-measures ANOVA with method (Praat or Watkins) as the between-subjects factor and the ear of context presentation (same or opposite) as the withinsubjects factor, showed a significant main effect of ear, F(1, 22) ϭ 205, p Ͻ .001, p 2 ϭ 0.90, a significant effect of method, F(1, 22) ϭ 25.6, p Ͻ .001, p 2 ϭ 0.54, as well as a significant interaction, F(1, 22) ϭ 66.5, p Ͻ .001, p 2 ϭ 0.75. The effect of ear reflects the fact that the context effect appears to be larger when the context is presented ipsilaterally to the target. The effect of method reflects the appearance of a generally smaller effect with the Praat method than with the Watkins method. To determine whether the context effects in each condition reached significance, one-sample t tests were carried out on the phoneme boundary This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
differences. When the precursor was presented to the same ear as the target word (ipsilateral condition), the context effect was 0.84 steps on the continuum with the Praat method and 3.32 steps with Watkins' method. Both were significantly larger than 0, Praat,
In contrast, when the precursor was presented to the opposite ear (contralateral condition), the context effect was only 0.64 steps with the Watkins method, t(11) ϭ 2.50, p ϭ .03, Cohen's d ϭ 0.72, and failed to reach statistical significance with the Praat method, t(11) ϭ 1.52, p ϭ .16, Cohen's d ϭ 0.44. The fact that any effect is observed in the case of a contralateral precursor suggests that part of the context effect is mediated by processes that occur after the binaural integration of information. The larger effect of an ipsilateral precursor could be due to the influence of ear-specific factors (prior to binaural integration) or due to perceptual segregation of the target from the precursor based on differences in perceived spatial location (Bregman, 1990) . In order to distinguish between these two possibilities, both the precursor and the target were presented binaurally in Experiment 1B, with ITDs of 590 s and either the right ear or left ear leading. In this way, the stimulation in each ear produced by the precursor remained constant, whereas its perceived location varied based on the ITDs. Figure 3 shows the average psychometric functions when the precursor and target were perceived as emanating from the same direction (left panels) or from opposite directions (right panels). A mixed-model repeated-measures ANOVA on the context effects again indicated a significant effect of method, F(1, 22) ϭ 46.5, p Ͻ .001, p 2 ϭ 0.68, a significant effect of lateralization (context same or different side as target), F(1, 22) ϭ 15.6, p ϭ .001, p 2 ϭ 0.41, as well as a significant interaction, F(1, 22) ϭ 17.3, p Ͻ .001, p 2 ϭ 0.44. One-sample t tests showed that the context effects were significant in all four conditions tested. For the Praat method, having the precursor emanating from the same direction as the target led to a mean shift in the function's midpoint of 0.57 steps, t(11) ϭ 3.29, p ϭ .007, Cohen's d ϭ 0.95, with a very similar shift of 0.59 steps in the case of the context emanating from a different direction, t(11) ϭ 3.38, p ϭ .006, Cohen's d ϭ 0.92. Again, the context effects were larger with the Watkins method and showed a larger effect of lateralization difference, with the midpoint shift being 2.66 steps when the context and target emanated from the same direction, t(11) ϭ 12.6, p Ͻ .001, Cohen's d ϭ 3.61, and 1.90 steps when they emanated from different directions, t(11) ϭ 9.98, p Ͻ .001, Cohen's d ϭ 2.88.
Discussion
The results from Experiments 1A and 1B show that the spectral context provided by the precursor sentence systematically affects ProporƟon of /ε/ responses 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
the categorization of the vowel continuum from /I/ to /ε/. Overall, the results confirm earlier findings that ear of entry has a strong influence on context effects, but that some effect is observed based on ITD-based differences in lateralization (Holt & Lotto, 2002; Watkins, 1991) . Thus, in this case, although ear-specific effects still dominate, a smaller residual effect can be ascribed to higherlevel factors occurring after binaural integration of information. A mixed-model ANOVA was used on pooled results from Experiment 1A and 1B in conditions where the target was either in the opposite ear or from the opposite direction, with sound presentation (monaural, Experiment 1A or binaural, Experiment 1B) as the within-subjects factor and method (Praat or Watkins) as the between-subjects factor. There was a significant effect of sound presentation, F(1, 22) ϭ 32.8, p Ͻ .001, p 2 ϭ 0.60, and a significant effect of method, F(1, 22) ϭ 18.6, p Ͻ .001, p 2 ϭ 0.46. The interaction between the two was also significant, F(1, 22) ϭ 6.43, p ϭ .019, p 2 ϭ 0.23. One consistent result is that the Watkins method produces larger context effects than the Praat method. The larger effect produced by the Watkins method may be due to the fact that the formant peaks in the target vowel always correspond exactly to the filter peaks and dips of the spectral envelope difference filters applied to the preceding sentence. Therefore, any enhancement produced by a prior spectral dip or adaptation produced by a prior spectral peak will act directly on the target vowels' formant peaks. In contrast, with the Praat method, the formant peaks in the target vowels are shifted in frequency, meaning that the effects of adaptation or enhancement result from the peak or dip in the preceding sentence can only bias the formant frequencies of intermediate vowels toward those of either /ε/ or /I/ rather than increasing or decreasing the formant peaks of the vowels directly. Because the Watkins method indicated a potential effect of central mechanisms, and because central mechanisms seem more likely to be affected by attentional constraints, we continued to use both methods for the following experiments, despite the fact that the Praat method is arguably more ecologically relevant.
We have interpreted the greater effect of ear than ITD in terms of peripheral versus more central effects. However, we cannot rule out the possibility that the single-ear presentation of the sound produces a somewhat greater lateralization of the stimulus than the ITD, which could in turn produce strong context effects that may not be fully ascribable to peripheral processing. Nevertheless, given that an ITD of 590 s is close to that required to provide full lateralization of sound to one ear (Blauert, 1997, p. 144) , we expect that the ITD-induced lateralization should be similar to the lateralization produced by presenting the stimulus to just one ear.
Experiment 2: Speech Context Effects With
Competing Sentences
Rationale
The results from Experiment 1 suggest three possible sources for the speech context effect: a dominant ear-specific source, a source following binaural integration of information that is independent of ear and perceived location, and a source that depends on perceived location in a way that may be related to auditory perceptual organization or streaming. In everyday listening situations, it is common to hear more than one speaker talking at the same time. Our auditory system is generally able to separate sound mixtures into different perceptual streams (Bregman, 1990) . It is not known whether attention to one source or another can alter speech context effects in the absence of acoustic changes, or whether context effects are "automatic" or "bottom-up" and so not influenced by attention. To answer this question, we filtered two sentences with the inverse filters and presented both, either to opposite ears or from opposite directions (using ITDs) simultaneously, while directing the attention of the participant to one side or the other.
Method
The configuration of the stimuli was the same as that in Experiment 1, with the addition of a second sentence recorded by the same speaker, saying "You will also hear a sound . . ." The second sentence was presented simultaneously with the original precursor sentence. The two sentences were of equal duration, had the same average F0, and were presented at equal RMS levels of 60 dB SPL. In Experiment 2A, one sentence was presented to one ear while the other sentence was presented to the opposite ear. The subjects were asked always to attend to the sentence: "The last word you hear is . . .". The attended sentence was presented either to the right or the left ear. The ear of each sentence was fixed in each block but randomized between blocks. A blue arrow on the user interface was used to instruct participants which direction (left or right) to attend to during each block. The two sentences were filtered with the inverse SED filters, as in Experiment 1. The long-term spectrum of the combined sentences is equivalent to that of the unfiltered sentences, since the effects of the two filters cancel each other out. The target word was presented to either the same ear as the attended sentence or to the opposite ear, with equal a priori probability on each trial. There were 800 trials (2 SED filters ϫ 2 target positions ϫ 10 vowels ϫ 20 repetitions) in total, which were grouped into 10 blocks of 80 trials and were played in a random order. In Experiment 2B, all configurations were the same as Experiment 2A, except that both sentences were presented binaurally but from opposite directions based on different ITDs. The attended sentence was presented from either the right (ITD: 590 s) or the left (ITD: Ϫ590 s), while the competing sentence was presented from the opposite direction. The target word was presented from either the same direction as the attended sentence or from the opposite direction, with equal a priori probability on each trial, also using an ITD of 590 s. In Experiment 2C, both context sentences were presented monaurally in the same way as in Experiment 2A, but the target word was presented diotically (i.e., with 0 ITD, perceived in the center of the head). In Experiment 2D, both context sentences were presented binaurally with ITDs in the same way as in Experiment 2B, and the target word was presented diotically. There were 400 trials (2 SED filters ϫ 10 vowels ϫ 20 repetitions) in total in either Experiment 2C or D, which were grouped into 5 blocks of 80 trials and were played in a random order.
In Experiments 2A and 2B, the same 24 participants from Experiment 1 were used and again divided into two equally sized groups that were tested with either the Praat or Watkins method. In this case, Experiment 2B was always completed before Experiment 2A. In Experiments 2C and 2D, nine of the participants in This document is copyrighted by the American Psychological Association or one of its allied publishers.
CONTEXT EFFECTS IN COMPETING SPEECH
Experiment 2A and 2B were tested along with 11 new subjects to form a group of 20 participants, half of whom were tested with the Praat method and half with the Watkins method. Experiment 2C was always completed before Experiment 2D. Table 2 lists the conditions tested in this experiment.
Results
The averaged psychometric functions measured in Experiment 2A, where the two context sentences were presented simultaneously, one to each ear, are shown in Figure 4 . The symbols refer to the filters applied to the attended sentence. Left and right panels show conditions in which the target was presented to the same (congruent) or opposite (incongruent) ear as the attended sentence, respectively.
If the perception of the target were driven solely by the attended sentence, irrespective of which ear received the target, then the data in the left and right panels of Figure 4 should look identical. In contrast, if the perception of the target depended solely on the sentence presented to the same ear as the target, irrespective of attention, then the curves in the left and right panels should be "flipped," meaning that the filled circles in the left panel should lie where the open circles in the right panel lie, and vice versa. The data suggest that perception is affected strongly by the ear of presentation: the filled symbols lie above the open symbols in the left panels, but lie below the open symbols in the right panels. However, some effect of attention may be present, as the gap between the two data sets in each panel seems smaller when the target was presented to the opposite ear as the attended sentence (right panels). The context effect was calculated in the same way as in Experiment 1: the phoneme boundary with the /ε/-/I/ filter was subtracted from that with the /I/-/ε/ filter. Since there were two competing sentences with the inverse filters, the effect is calculated based on the spectral context of the sentence in the same ear as the target. In this way, when the target is in the opposite ear to the attended sentence (right panels in Figure 4) , the calculated context effect would still be positive, even though the two curves are flipped.
A mixed-model ANOVA with attention as the within-subjects factor and method (Praat or Watkins) as the between-subjects factor was carried out on the individual context effects. The main effect of attention was significant, F(1, 22) ϭ 25.5, p Ͻ .001, p 2 ϭ 0.54, as was the main effect of method, F(1, 22) ϭ 80.2, p Ͻ .001, p 2 ϭ 0.79, along with the interaction, F(1, 22) ϭ 5.36, p ϭ .03, p 2 ϭ 0.20. One-sample t tests showed that the context effect itself was significant in all four conditions. With the Praat method, the context effect resulted in a shift of 0.79 steps in the congruent condition (attended sentence in same ear as the target), t(11) ϭ 9.98, p Ͻ .001, Cohen's d ϭ 2.88, and 0.44 steps in the incongruent condition, t(11) ϭ 2.98, p ϭ .013, Cohen's d ϭ 0.86. With the Watkins method, the context effect resulted in a shift of 2.74 steps for the congruent condition, t(11) ϭ 17.6, p Ͻ .001, Cohen's d ϭ 5.07, and 1.79 steps for the incongruent condition, t(11) ϭ 9.27, p Ͻ .001, Cohen's d ϭ 2.67. Our results suggest that attention can modulate the effect by enhancing the influence of the attended sentence. Figure 5 shows the results from Experiment 2B, where the two context sentences were presented binaurally but from opposite directions, based on different ITDs. Left and right panels show conditions in which the target emanated from the same and different direction, relative to the attended sentence, respectively. Similar to Experiment 2A, the context effect is calculated based on the spectral context of the sentence from the same perceived direction as the target. Although both sentences are presented to the same ears as the target, the This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
perceived direction can be different or same, depending on the ITDs. If the target word and the precursor sentence are clearly streamed according to their perceived direction and there is compensation specific for the spectral context in the same stream, the two curves will be flipped in the incongruent condition similar to Experiment 2A. In contrast, if the compensation is dominated by the spectral context of the attended sentence, the boundary shifts would be similar in the two conditions. A mixed-model repeated-measures ANOVA showed that the effect of method was again significant, F(1, 22) ϭ 33.4, p Ͻ .001, p 2 ϭ 0.603, as was the effect of attention, F(1, 22) ϭ 15.30, p ϭ .001, p 2 ϭ 0.41. In contrast to the earlier results, the interaction between attention and method was not significant, F(1, 22) ϭ 0.002, p ϭ .97, p 2 ϭ 0.00. For the Praat method, one-sample t tests confirmed that the context effect was significantly different from zero in both conditions, 0.47 steps for the congruent condition, t(11) ϭ 5.32, p Ͻ .001, Cohen's d ϭ 1.51, and Ϫ0.31 steps for the incongruent condition, t(11) ϭ Ϫ2.68, p ϭ .021, Cohen's d ϭ 0.79. The negative sign of context effect in the incongruent condition again suggests an effect of attention, which indicates that the spectral compensation is driven by the spectral context of the attended sentence even though it is perceived as coming from the opposite direction as the target. For the Watkins method, the context effect was significant in the congruent condition, 1.06 steps, t(11) ϭ 5.45, p Ͻ .001, Cohen's d ϭ 1.57, but did not reach significance in the incongruent condition, 0.27 steps, t(11) ϭ 1.30, p ϭ .22, Cohen's d ϭ 0.38.
In both Experiment 2C and 2D, no stimulus-driven effects would be expected, since the target was presented diotically, and so should be equally affected by the context presented to each ear. Therefore, any boundary shift observed should only reflect the effects of attention. Small but significant context effects were observed using both methods. For Experiment 2C (Figure 6, left panels) , where the two sentences were presented to different ears, significant context effects were observed between the two attentional conditions using both the Praat method, 0.20 steps, t(9) ϭ 4.24, p ϭ .002, Cohen's d ϭ 1.34, and the Watkins method, 0.32 steps, t(9) ϭ 3.31, p ϭ .009, Cohen's d ϭ 1.05. In both cases, the difference in boundary was in the direction expected based on the attended sentence. Similar results were found in Experiment 2D, where the two sentences were perceived as coming from different locations due to the use of ITDs, whereas the target was presented diotically (Figure 6 , right panels). Again, the difference in boundary based on the attended sentence was significant using both the Praat method, 0.49 steps, t (9) ProporƟon of /ε/ responses Vowel conƟnuum step number Figure 6 . Proportion of /ε/ responses along the 10-step continuum averaged across 10 subjects in Experiments 2C and 2D. Results with the two context sentences presented to opposite ears (Experiment 2C) or from opposite directions (Experiment 2D) are shown in the left and right panels, respectively. Each symbol represents the mean proportion of responses across the 10 participants. Filled circles and solid curves represent results from conditions where the attended sentence was filtered with the spectral envelope difference (SED) filter that emphasizes the spectrum of the /I/ (/I/-/ε/); open circles and dashed curves represent results from conditions where the attended sentence was filtered with the SED filter that emphasizes the spectrum of /ε/ (/ε/-/I/). Error bars represent Ϯ1 standard error of the mean. Solid and dashed curves are logistic functions fitted to the mean data. This document is copyrighted by the American Psychological Association or one of its allied publishers.
CONTEXT EFFECTS IN COMPETING SPEECH

A Two-Stage Model of Speech Context Effects Rationale
The results from Experiment 1 suggest that speech context effects are dominated by ear-specific effects occurring prior to binaural integration, but some contributions are also made by processes that follow binaural integration, including some effect of perceived location, based on ITD differences. The results from Experiment 2 with competing context sentences further support the hypothesis that multiple processes underlie the speech context effect, and also suggest some effect of attentional modulation. In this section we attempt to quantify the contribution from these different factors by using a simple model of linear weights to predict contributions from both low-level and high-level processes to speech context effects.
Method
A linear two-stage model was used to estimate the relative contributions, or weights, of the three stimulus-based factors contributing to the speech context effects. The three factors include (1) an ear-specific process, (2) a process occurring after binaural integration that is insensitive to perceived location, and (3) a process that is modulated by the similarity in perceived location. In addition to these three factors, the contribution of attentional modulation is considered. The first stage of the model considers the spectral context effect in the single-sentence conditions of Experiment 1 as the sum of all three sources: the ear-specific factor ( 1 ), the binaural factor ( 2 ), and the perceived separation factor ( 3 ), shown in Equation 1.
where E is the measured speech context effect and S is the unitary boundary shift, S ϭ 1. The second stage of the model incorporates the effects of attentional modulation when competing context sentences are present. The overall estimated effect is the weighted sum of the effects predicted for each sentence alone, as shown in Equation 2. The weight is determined by an attention factor between 0 and 1 so that the representation of the attended sentence is enhanced, while the representation of the competing sentence is attenuated:
The population averaged boundary shifts across all subjects in the four conditions from Experiment 1 and four conditions from Experiment 2A and B were used to estimate all four weights in both Equations 1 and 2. The weights were adjusted to minimize the root mean square of error (RMSE), e ϭ ͤ 1 n ͚jϭ1
, where E j is the boundary shift measured in the jth condition and E j is the model prediction. The number of conditions, n, is 8.
Results
In Experiment 1A, when the target was presented to the same ear as the preceding sentence, all three mechanisms should be involved, as shown in Equation 3. When the target was presented to the opposite ear, there should be no effect from an ear-specific mechanism ( 1 ϭ 0) and no effect from a mechanism that depends on identical perceived spatial locations of target and precursor sentence ( 3 ϭ 0), as the sentence and target were from different directions; thus only the process following binaural integration ( 2 ) remains, as shown in Equation 4.
and
In Experiment 1B, the context effect can be modeled as the sum of all three factors when the preceding sentence and the target have the same ITD, shown in Equation 5; when the preceding sentence and target have different ITDs, then only the ear-specific mechanism and the mechanism following binaural integration remain, as shown in Equation 6.
When there were two sentences presented simultaneously, the total effect for each context sentence is the sum or partial sum of the three sources, depending on the condition and the location of the target. The overall effect is then a weighted sum of the effects from both sentences. The size of effect in Experiment 2A is given by Equations 7 and 8 for the target presented in the same or opposite ear as the attended sentence, respectively.
The speech context effect for Experiment 2B, where the two sentences were presented binaurally with opposite ITDs, is given by Equations 9 and 10 for the conditions where target and the attended sentence came from the same direction and the opposite direction, respectively. (9) and
(10) S 1 is the unitary boundary shift contrastive to the spectral context of the attended sentence, while S 2 is that to the spectral context of the competing sentence in Equations 7 through 10. Because the spectral contexts of two sentences are the inverse of each other, we set S 1 ϭ 1 and S 2 ϭ Ϫ1 here. If the total output E Ͼ 0, the boundary shift is determined by the context of the attended sentence. In contrast, the boundary shift is determined by the context of the competing sentence if E Ͻ 0.
The parameters were fitted with boundary shifts for individual participants. The averaged means of four parameters estimated from data with the Praat method are shown in the upper left panel of Figure 7 and the means estimated from data with the Watkins' method are shown in the lower left panel. The Sharpio-Wilk test was used to test the normality of the distribution of estimated This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. The effect of attentional modulation (a) was larger with the Praat method, reflecting among other things the observed boundary shift following the spectral context of the attended sentence even when the target was from the opposite direction (Experiment 2B).
The estimated weights also suggest that the ear-specific processes dominate the perceptual compensation for the long term spectral context. A post hoc paired t test confirmed that the mean of 1 was significantly different from 2 , Praat, t (11) The individual boundary shifts measured in eight conditions from Experiment 1 and 2 and the model predictions are shown in the upper and lower right panels of Figure 7 for the Praat and Watkins methods, respectively. The correlation coefficient of the measured data and model predictions was 0.94 for the Praat method (p Ͻ .001) and 0.98 for the Watkins' method (p Ͻ .001).
General Discussion
In this study, we used behavioral measures to investigate the mechanisms underlying speech context effects, using two different methods to generate a vowel continuum from /I/ to /ε/. We studied the effect of presenting the context and target to same or different ears, to same or different perceived sides using ITDs, and to both ears or sides, while directing the attention of the participants to one side or the other. Overall, strong context effects were observed that were dominated by the ear of presentation, but were also modulated to some extent by the perceived location and, when competing contexts were presented, by the side to which attention was directed.
The measured size of the context effect with the Watkins method was generally larger than that with the Praat method. The results from both methods were similar in all conditions except two. When the context and target were in opposite ears (Experiment 1A), there was a significant effect observed with the Watkins method but not with the Praat method. The fact that some effect was observed with a precursor sentence in the opposite ear from the target suggests some contribution from central mechanisms (i.e., following binaural integration). The finding of such contribution from central mechanisms is consistent with earlier results from Watkins (1991) , as well as results from Holt and Lotto (2002) , although they used a different speech continuum, from /ba/ to /ga/. In another condition (Experiment 1B), the perceived locations of context and target did not affect the speech context effect with the Praat method. However, with the Watkins method, the context effect was smaller when the target and precursor came from different perceived locations, which again suggests at least some contribution from a central mechanism that operates after, or is influenced by, perceptual segregation of different sound streams, consistent with results of Watkins (1991) . The different outcomes from the two methods are also reflected in the estimated weights from the linear model. The weights derived from data with the Watkins method are larger with significant weights from a central compensation after binaural integration and the compensation after stream segregation.
One possible explanation for the somewhat different conclusions with the two methods might be the difference in the size of the context effect. The larger context effect with the Watkins method provides more opportunity to separate the effects from different sources, such as the ear-specific compensation, the cen- This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
tral compensation after binaural integration, and the compensation within the same sound stream. However, the attentional effect was larger with the Praat method, as suggested by both the results in Experiment 2B and estimated weights with the linear mode. This outcome cannot be explained by the smaller overall context effect with the Praat method, which would, if anything, predict less, not more, influence of attention. Another interpretation could be that the two different methods reflect different underlying mechanisms: the spectral compensation could be applied to different acoustic cues in the context depending on the following target. The spectra of SED filters used in our study are broadband, with peaks and troughs at the formant frequencies of the two vowels depending on which one was subtracted. Using the vowel continuum generated with the Praat method, Stilp et al. (2015) showed that the percentage of perceived /ε/ increased if a bandpass filter centered near the first formant of the vowel /I/ was applied to the preceding sentence, while subjects were more likely to perceive /I/ if the bandpass filter was centered near the first formant of the vowel /ε/. The size of the context effect was comparable to that observed with the SED filters. It is therefore possible that the context effects observed with the Praat method mainly reflect the compensation for the spectral peaks in the context sentence.
On the other hand, the vowel continuum generated with the Watkins method was a weighted sum of the spectra of the two endpoints. The spectra of intermediate vowels have peaks at the formant frequencies of both /I/ and /ε/. The vowel /I/ will be perceived more often if the formant peaks of /I/ are larger, and vice versa. In this case, the context effects observed could be induced by the spectral troughs in the preceding sentence using the same mechanism underlying auditory enhancement, which refers to a phenomenon where a target tone can "pop out" from a surrounding simultaneous masker if the masker itself is presented first (Schouten, 1940; Viemeister, 1980) . The neural responses to the spectral components that are not present in the precursor are larger, or enhanced, either through the adaption of the response to frequency components present in the masker by the same components also presented in the precursor (Viemeister, 1980) or the adaptation of inhibition of the target by the masker after the precursor (Viemeister & Bacon, 1982; Wang & Oxenham, 2016) .
The results from the current study have implications for understanding the basic mechanisms of speech perception in naturally varying acoustic settings. Speech can be highly variable across talkers. For instance, the spectral positions of the first two formants of different vowels overlap to a large extent when considering vowels spoken by men, women, and children (Peterson & Barney, 1952) . Nevertheless, listeners are mostly able to correctly identify vowels, even in the presence of such ambiguity. The spectral context of preceding speech is one way in which the auditory system achieves this feat of talker normalization (Ladefoged & Broadbent, 1957) . Our results suggest that such "low level" phonetic context effects could be executed through a "bottom-up" compensational processing, which also interacts with higher-level "top-down" processing, such as attention. Listeners can selectively track and compensate for the acoustic cues of a single sound source within a cluttered acoustic scene.
In addition to the implications for speech perception in normalhearing listeners, the results also provide insights for potentially improving speech perception for users of hearing aids and cochlear implants. Listeners with hearing deficits suffer from poor spectral resolution, which could also affect the compensation for spectral context. Previous studies have shown reduced or absent auditory enhancement effects (Goupell & Mostardi, 2012; Kreft & Oxenham, 2017; Wang, Kreft, & Oxenham, 2012) and speech context effects (Aravamudhan & Lotto, 2005; Winn, Chatterjee, & Idsardi, 2012) in CI users. However, other studies have shown larger-thannormal speech context effects in hearing-impaired listeners and normal-hearing listeners through a noise vocoder designed to simulate aspects of CI processing (Stilp, 2017; Stilp & Alexander, 2016) . In both cases, abnormal context effects could be detrimental for speech perception. A better understanding of the mechanisms underlying context effects in normal hearing, along with the changes produced by hearing loss and CI processing, should enable a restoration of some of these perceptually important effects in patient populations via signal processing. For example, our study shows that the ear-specific compensation dominates in generating the observed speech context effect. Spectral enhancement algorithms via the channel specific gain control in a CI or hearing aid could be helpful in compensating partially for perceptual differences between CI users and normal-hearing listeners. However, in conditions involving multiple talkers, our results suggest that approaches based only on the stimuli, ignoring attention, are unlikely to fully succeed.
